Abstract -Visual target tracking is one of the main functions that interacting with the environment for the humanoid robot, and it is also an important embodiment of anthropomorphism and human likeness. In order to achieve dexterous and precise visual target tracking task, a kind of humanoid robot head mechanism which is similar to the human head is presented. By using of the modeling method of virtual link, the control task of robot visual tracking is converted to the inverse kinematics solution of a 4DOF RRRP manipulator, and the solution is obtained based on the damped least-squares method. In order to make the manipulator avoid the singularity and joint limit synchronously, a new method for calculating the damping factor is proposed. On the basis of the traditional damping factor which is mainly used to hinder the manipulator close to the singular configuration, the damping factor that hinders the manipulator close to the joint limit is also proposed, and the total damping factor is composed of the two parts. Simulation and analysis show that the redundant visual tracking mechanism can track a moving target stably and precisely.
I. INTRODUCTION
The humanoid robot is a kind of humanlike intelligent mechatronic system, which integrates many technologies, such as machinery, electronics, sensing, control, artificial intelligence, bionics, etc. The humanoid robot is currently the most active research hotspot in the field of robotics [1] . Through the efforts of many scientists around the world, a variety of humanoid robot systems have been developed, such as ASIMO, QRIO, HRP, etc. The humanoid robot is similar to the human in appearance and function, and has the ability to interact with the environment. Visual perception is the key technology for the robot to acquire the environment information. When observing and tracking the moving target, the head and neck mechanism of humanoid robot adjusts the position and orientation of the visual perception module to make it always aim at the target. Target tracking in three dimension space is widely used in humanoid robot, safety monitoring system, unmanned aerial vehicle, electro-optical tracking system, etc. According to the number of degrees of freedom, the target tracking mechanism can be divided into two types: non redundant and redundant mechanism. Two axis tracking mechanism is non redundant, which is widely used in the electro-optical tracking system [2] . But, for a two axis tracking mechanism, there exists kinematic singularity, namely, tracking blind area, and the general solution method is to add redundant degrees of freedom to enhance the dexterity to avoid singularities [3] [4] [5] .
By use of the redundant characteristic of mechanism, the sub goals can also be achieved at the same time of realizing the main task, such as avoiding singular configuration, avoiding obstacles, avoiding limit and improving the dynamic performance, etc. For the humanoid robot visual target tracking, the redundant characteristic can make visual function more similar to humans. The human can make a nod when gazing at a target, and the robot can also achieve a similar function by use of redundant degrees of freedom. But, the redundant characteristic also increases the complexity and difficulty of the motion control [3] [4] [5] [6] .
With the development of intelligent robot, human-robot interaction ability is becoming more and more important, and the service robots, space robots and other fields are in urgent need of development of compact, dexterous and high precise visual tracking system. According to this demand, this paper proposes a kind of three degrees of freedom redundant visual tracking mechanism for the humanoid robot, and the target tracking motion control strategy is mainly studied. The visual target tracking mechanism of humanoid robot consists of two parts: the visual perception module and the motion mechanism which is a 3DOF manipulator, as shown in Fig.1 . The visual perception module is responsible for the identification and localization of the target. The hardware is composed of a laser range finder camera (TOF) and two CCD cameras. When the human tracks a target, the method is to search the target in a wide area and locate it roughly firstly, and then take a closer look. The visual tracking process of humanoid robot is similar to the human. The search and location of target is carried out from the macro area to the micro area by using two types of cameras, that are TOF camera and CCD camera respectively. The location method is that firstly to get the coarse position by using the TOF camera, and the coarse position is used as approximate search area for the binocular CCD cameras. And then the precise position is obtained by using the binocular CCD cameras through a certain algorithm. The TOF resolution is low and the coarse location calculation can be quickly completed to reduce the computational domain for CCD camera. The CCD camera has a high resolution and can be used as precise measurement and location. This method of using two kinds of cameras can ensure both the processing speed and measurement accuracy.
II. OVERVIEW OF REDUNDANT VISUAL TRACKING MECHANISM
The motion mechanism of visual tracking is designed to imitate the human head and neck, which is a 3DOF manipulator consisting of lower pitching joint (joint1), yaw joint (joint2) and upper pitch joint (joint3). The modular joint design method is adopted to reduce the design complexity.
A ball is selected as the tracking target in this paper. Visual target tracking method is making the line of robot sight always aim at the target. The tracking process is described as follows. The position of moving target is measured by the visual perception module firstly, and then the target position information is transmitted to the control system to calculate the corresponding positions of the three joints through inverse kinematics. Lastly, the positions of the three joints are sent to the electric driver to make joints rotate.
III. MOTION CONTROL STRATEGY

A. Kinematic model based the virtual link method
For the target tracking task, the two degrees of freedom mechanism can justly meet the requirement, but three or more degrees of freedom mechanism has redundant characteristics, so there exist infinite solutions for the inverse kinematics. Target tracking method is to make the line of sight always aim at the target, namely the two ends of robot sight line are always fixedly connected with the camera coordinate origin and moving target respectively, and the length of sight line is changing during the tracking process. By using the virtual link method [4, 5] , an additional prismatic joint is added between the camera coordinate system origin and the target. During the motion process, the two ends of prismatic joint always touches the camera coordinate system origin and the moving ball respectively, as shown in Fig.2 . Through the introduction of virtual link, the visual target tracking problem is transformed to inverse kinematics problem of a 4DOF RRRP manipulator. And the redundant characteristic remains unchanged, that is, the number of redundant degrees of freedom is still 1.
The link coordinates of the 4DOF manipulator are shown in Fig.3 , where (xc,yc,zc) is the camera coordinate, and its z axis direction is defined as the sight line. The manipulator D-H parameters are shown in the table I. Let the initial position of the target as point O4, after the movement as point O4T. The target position in camera coordinate is measured firstly, and then transformed to position in the base coordinate. In the following study, the target position is expressed directly in the base coordinate system. 1 When the manipulator is at or close to a singular configuration, although the least square solution can be obtained by pseudoinverse method, but a little target velocity may cause great joint velocity, far beyond the joint actuators capability. The feasible solution can be obtained by adding damping factor to hinder mechanism close to singularity at expense of the solution precision [4, 7, 8] . When the manipulator is close to joint limit, its movement space will also be extremely compressed, that is, its dexterity will be greatly reduced, so the joint limit position is also an another kind of singularity. Therefore, in addition to hinder the manipulator close to a singularity, damping factor also can also be used to make the manipulator avoid joint limit.
Through the above analysis, when the manipulator is close to the singularity or joint limit, the dexterity of the mechanism would both decrease, and even the task can not be completed. In the following research, the damping factor is used to avoid the singularity and joint limit simultaneously.
The solution for (1) by use of the damped least-squares method is the q which make following formula minimum: I is 4×4 unit matrix. From (2) and (3), it is obvious that the damped leastsquares method get approximate feasible solution by sacrificing the target tracking accuracy, and the accuracy is influenced by the damping factor. Therefore, it is essential to select suitable value for the damping factor [9] . In the digital control system, by using the difference to replace the derivative, the solution in (3) can be expressed as follow: 
. Damping factor choice
In order to avoid singularity and joint limit simultaneously, the damping factor is divided into two parts:
Where λ is total damping factor, and 1 λ and 2 λ are the damping factors that hindering manipulator close to the singular configuration and joint limit respectively. λ , 1 λ and 2 λ are 4 4 diagonal matrices. The manipulability proposed by Yoshikawa is used as a criterion for determining the singularity of the manipulator, which is given by:
The larger the value of w , the better the dexterity of the manipulator. When manipulator is at a singular configuration, =0 w . Damping factor 1 λ is given by: 2,3,4) , and t w is the manipulability threshold used to determine whether the manipulator is close to the singularity. 0 λ is the maximum damping factor.
The farther away from the joint limit, the greater the movement space, that is, the better the dexterity. So, in order to get a dexterous manipulability, the manipulator should be far away from the joint limit. Define the concept of "nearness to limit" to denote the distance to the joint limit, which is given by: , 0 ti 1(i=1,2,3) . For the virtual link, let t4=0 When ti=0, the joint is in the middle of the two limits, and the value of " nearness to limit" is minimum, and so the dexterity is the best. When ti=1, the joint is in the limit position, and the value of " nearness to limit" is maximum, and so the dexterity is the worst. The damping factor 2 λ is given by: 2,3,4) , and ti0 denotes the threshold value of " nearness to limit".
IV. SIMULATION
The movement ranges of the three joints are 1 θ λ =1, and the simulation is carried out by MATLAB with the total simulation time 61s and step time 1s.The trajectory of the virtual link end during tracking process is obtained by above algorithm, which is also shown in Fig.4 for intuitive comparison. We can see that the two trajectories are almost coincident with each other, that is, the tracking effect is very good. Three axis tracking error values are shown in Fig.5 , and it is obvious that the tracking error is very small, which meets the tracking requirements. Although the algorithm presented in this paper get the feasible solution at the expense of the tracking accuracy near the singularity and joint limit, but the final tracking accuracy is quite good. In the tracking process, the joints angles and the length of virtual link are shown in Fig.6 and Fig.7 respectively. We can see that the values of joints angles and the length of virtual link are in a continuous change, which shows that there is no sudden change in mechanism speed. These results are in line with the actual situation, which means that the actuator cannot make the joint speed increase to a large value suddenly. From  Fig.6 , we can see that damping factor 2 λ effectively hinder the joint close to the joint limit, and all the three joints always in the movement ranges. In order to verify the effect of damping factor 2 λ , let 23 λ =0, which means that not to hinder joint3 close to limit position, the simulation result is shown in Fig.8 , and we can see that joint3 exceeds the movement range although the tracking accuracy meets the requirements. 
IV. CONCLUSIONS
In this paper, a kind of visual target tracking system which is applied for the humanoid robot is presented, and the motion control method is studied in detail. The main idea is that using the redundant mechanism characteristics to avoid the singularity and joint limit at the same time of realizing tracking task. A new damping factor calculation method is put forward, and the simulation results show that visual tracking system can track a moving target stably and precisely. The damping factor choice method is effective to make mechanism avoid singularity and limit position.
